The recent whole-genome sequencing of soybean (Glycine max) revealed that soybean experienced whole-genome duplications 59 million and 13 million years ago, and it has an octoploid-like genome in spite of its diploid nature. We analyzed a natural green-cotyledon mutant line, Tenshindaiseitou. The physiological analysis revealed that Tenshindaiseitou shows a non-functional stay-green phenotype in senescent leaves, which is similar to that of the mutant of Mendel's green-cotyledon gene I, the ortholog of SGR in pea. The identification of gene mutations and genetic segregation analysis suggested that defects in GmSGR1 and GmSGR2 were responsible for the green-cotyledon/stay-green phenotype of Tenshin-daiseitou, which was confirmed by RNA interference (RNAi) transgenic soybean experiments using GmSGR genes. The characterized green-cotyledon double mutant d1d2 was found to have the same mutations, suggesting that GmSGR1 and GmSGR2 are D1 and D2. Among the examined d1d2 strains, the d1d2 strain K144a showed a lower Chl a/b ratio in mature seeds than other strains but not in senescent leaves, suggesting a seed-specific genetic factor of the Chl composition in K144a. Analysis of the soybean genome sequence revealed four genomic regions with microsynteny to the Arabidopsis SGR1 region, which included the GmSGR1 and GmSGR2 regions. The other two regions contained GmSGR3a/GmSGR3b and GmSGR4, respectively, which might be pseudogenes or genes with a function that is unrelated to Chl degradation during seed maturation and leaf senescence. These GmSGR genes were thought to be produced by the two whole-genome duplications, and they provide a good example of such wholegenome duplication events in the evolution of the soybean genome.
Introduction
Soybean (Glycine max) is an important crop that supplies oil and good-quality proteins. The recent completion of the wholegenome sequencing of soybean revealed its paleopolyploidy despite the diploid behavior of soybean chromosomes (Schmutz et al. 2010) . Two whole-genome duplications 13 million and 58 million years ago formed the basis of the present octoploidic features of the soybean genome. Furthermore, the soybean genome experienced a more ancient whole-genome triplication >130 million years ago, before the radiation of the Rosid or Fabid clades (Cannon and Shoemaker 2012) .
There are not many reports about recessive mutants in soybean. This may be partly because single-gene mutations are often compensated by functionally redundant genes (paralogs) that were generated by the whole-genome duplications (Arase et al. 2011) . Most known single locus mutants exhibit their phenotypes because of the functional diversification or the gene dose effect of paralogous genes. Among them, d1d2, a natural green-cotyledon mutant line with the recessive mutations d1 and d2, is an interesting example of a double mutant of fully functionally redundant genes (Guiamet et al. 1991) . In soybean, another type of green-cotyledon mutant line has been identified. In contrast to the Mendelian genetic factors D1 and D2, this mutation, known as cytG, is maternally inherited (Guiamet et al. 1991) . Both d1d2 and cytG are not only green-cotyledon but also stay-green mutants, which retain green leaves during senescence.
Stay-green mutants are classified into two groups: functional stay-green mutants and non-functional stay-green mutants (or Type C stay-green mutants) (Thomas and Howarth 2000) . While the progression of leaf senescence is impaired in the functional stay-green mutant, the non-functional stay-green mutant has a defect in Chl degradation, and leaf senescence proceeds by senescence-inducing treatments. So far, several non-functional stay-green genes have been isolated (Kusaba et al. 2013 ). NYC1 and NOL encode Chl b reductases, the enzymes that catalyze the first step of Chl b degradation , Horie et al. 2009 ). In rice nyc1 and nol mutants, Chl b degradation is severely inhibited during senescence, and the final Chl a/b ratio approaches 1. In other nonfunctional stay-green mutants such as pph/nyc3, pao, Atnap1, sgr/nye1 and thf1/nyc4, the Chl a/b ratio essentially does not change during leaf senescence (Pružinská et al. 2003 , Park et al. 2007 , Ren et al. 2007 , Schelbert et al. 2009 , Nagane et al. 2010 , Sakuraba et al. 2012 , Huang et al, 2013 , Yamatani et al. 2013 . Interestingly, the Chl a/b ratio is about 1 in the senescent green leaves of cytG, while that of d1d2 is higher (Guiamet et al. 1991) .
The SGR ortholog in pea is known as Mendel's green cotyledon gene; mutants of this gene show the green-cotyledon phenotype in mature seeds and the non-functional staygreen phenotype in senescent leaves (Armstead et al. 2007 , Y. , Aubry et al. 2008 . In this report, we revealed that D1 and D2 are the soybean SGR orthologs GmSGR1 and GmSGR2. The requirement to impair both GmSGR1 and GmSGR2 to express the green-cotyledon/stay-green phenotype indicates that they are fully functionally redundant genes. In addition, in the soybean genome, we found two more genomic regions containing SGR-like genes (GmSGR3/GmSGR4) with microsynteny to Arabidopsis thaliana SGR1 (NYE1/SGN). It is possible that the ancestral soybean genome harbored two SGR genes that were generated by the ancient whole-genome duplication (58 million years ago), and the GmSGR1/GmSGR2 and GmSGR3/GmSGR4 pairs were generated by the recent genome duplication (13 million years ago).
Results and Discussion

Physiological characterization of Tenshin-daiseitou
Several stay-green mutants, which retain green in the leaf during senescence, have been reported in legume (Guiamet et al. 1991 , Armstead et al. 2007 , Zhou et al. 2011 . Although the cotyledon color of mature seeds is yellow in the wild-type legume, these stay-green mutants have green cotyledons. Among them, we analyzed Tenshin-daiseitou, a soybean line with a nuclear-inherited green-cotyledon/staygreen trait (Fig. 1A) . When mature leaves were incubated in the dark at 25 C to induce leaf senescence, the Chl content decreased drastically by 9 d after dark incubation in the wildtype cultivar Tachiyutaka, but it remained relatively high in Tenshin-daiseitou (Fig. 1B) . However, the F v /F m value, an indicator of PSII activity, was not higher in Tenshin-daiseitou than in Tachiyutaka during the incubation despite green color being retained (Fig. 1C) . Similarly, the membrane ion leakage of Tenshin-daiseitou, an indicator of cell death, was not lower than that of Tachiyutaka at 12 d after dark incubation (Fig. 1D) .
Additionally, we observed ultrastructural changes in the chloroplasts during dark-induced leaf senescence ( Supplementary Fig. S1 ). The chloroplast ultrastructure of Tenshin-daiseitou is similar to that of Tachiyutaka in the presenescent leaves; however, they are very different in senescent leaves. In the senescent leaves, poorly stacked grana were observed in Tachiyutaka, while dense and thick grana were observed in Tenshin-daiseitou ( Supplementary Fig. S1E, F) . Such retention of the grana structure during leaf senescence is the common feature among non-functional stay-green mutants (Park et al. 2007 , Schelbert et al. 2009 , Zhou et al. 2011 . These results indicate that Tenshin-daiseitou is a non-functional staygreen mutant.
Next, the protein degradation during the dark incubation was examined using green gel analysis, which is used to visualize Chlprotein complexes (Fig. 2) . In pre-senescent leaves of Tachiyutaka and Tenshin-daiseitou, the PSI reaction center, containing only Chl a, and trimers and monomers of light-harvesting complex II (LHCII), containing Chl a and Chl b, were observed. While both the PSI reaction center and LHCII were degraded in the senescent leaves of Tachiyutaka, these protein complexes were retained in Tenshin-daiseitou. Western blot analysis revealed that D1, a core component of PSII, was also retained in the senescent leaves of Tenshin-daiseitou but its retention level was lower than that of PSI. SDS-PAGE analysis showed that the Rubisco small subunit was degraded in the senescent leaves of both Tachiyutaka and Tenshin-daiseitou (Fig. 2) , suggesting that not all of the photosynthetic proteins are retained in Tenshin-daiseitou during leaf senescence.
In HPLC analysis of photosynthetic pigments, two Chls, Chl a and Chl b, and four carotenoids, neoxanthin, violaxanthin, lutein and b-carotene, were detected in pre-senescent leaves (Fig. 3A) . In Tachiyutaka, the contents of all the pigments were drastically reduced in senescent leaves. On the other hand, Chl a and Chl b were retained at higher levels in Tenshin-daiseitou. In addition, neoxanthin, violaxanthin and lutein were also retained in Tenshin-daiseitou, which is very probably due to the inhibited degradation of LHCII, which contains these carotenoids ). Spectrophotometric analysis confirmed that both Chl a and Chl b were retained at remarkably higher levels in the senescent leaves of Tenshindaiseitou than in those of Tachiyutaka, while Tenshin-daiseitou contains slightly more Chl in the pre-senescent leaves than Tachiyutaka (Fig. 3B) . The Chl a/b ratio in senescent leaves of Tenshin-daiseitou was 3.5 ± 0.47, and it was essentially unchanged from that of non-senescent leaves (3.6 ± 0.09). These phenotypes are distinct from those of nyc1 and nol mutants, in which LHCII is selectively retained and the Chl a/b ratio is about 1, indicating that the stay-green phenotype of Tenshindaiseitou is not caused by a mutation of NYC1 or NOL. Rather, the phenotypes of Tenshin-daiseitou are similar to those of sgr/ nye1 or pph/nyc3 mutants, in which both the PSI reaction center and LHCII are retained during leaf senescence.
Isolation of the stay-green genes in Tenshin-daiseitou
For genetic characterization of the green-cotyledon/stay-green genes in Tenshin-daiseitou, we obtained F 2 seeds from the cross between Tenshin-daiseitou and Tachiyutaka. Among 182 F 2 seeds that we examined, plants from 11 seeds showed the green-cotyledon phenotype. This segregation ratio is not significantly different from 15 : 1 ( 2 = 0.032; P = 0.86), suggesting that a homozygous state of recessive alleles at two loci is required for the phenotype. The 11 green-cotyledon plants showed the stay-green phenotype, confirming that the greencotyledon phenotype is due to the pleiotropic effects of impaired Chl degradation. As mentioned above, the greencotyledon/stay-green gene is not thought to be an orthlog of either NYC1 or NOL. In pea and alfalfa, genes responsible for the green-cotyledon mutants have been shown to be orthologs of SGR (Armstead et al. 2007 , Y. , Zhou et al. 2011 , and their physiological characteristics are similar to those of Tenshin-daiseitou. Considering these lines of information, we analyzed SGR homologs of soybean in Tenshin-daiseitou. Two soybean genes that are highly similar to SGR, GmSGR1 (AAW82959.1) and GmSGR2 (AAW82960.1), have been deposited in the database. The amino acid sequences of the proteins encoded by these genes show 66% and 64% identity to the SGR ortholog in A. thaliana (called AtSGR1 here), and 91% identity to each other. Like AtSGR1 and other SGR orthologous proteins, GmSGR1 and GmSGR2 were predicted to be localized in chloroplasts (WoLF PSORT; http://wolfpsort.org).
The sequence analysis of GmSGR2 in Tenshin-daiseitou revealed a single base pair deletion in the second exon, resulting in a frameshift and premature termination of translation (Fig.  4A) . On the other hand, while most parts of the GmSGR1 genes were amplified from the Tenshin-daiseitou genome, the entire GmSGR1 gene was not amplified. Reverse transcription-PCR (RT-PCR) amplification using primers for the entire coding sequence revealed that GmSGR1 was transcribed in senescent leaves, but its size was aberrant. This product has a complex structure with a truncated fourth exon that is followed by a duplication of the complete third and fourth exons (Fig. 4B ). This aberrant mRNA may encode a protein lacking an amino acid sequence corresponding to the truncated region of the fourth exon, suggesting that the GmSGR1 allele in Tenshindaiseitou is not functional. The genomic fragment corresponding to the full size of the aberrant mRNA was not amplified by PCR, probably due to a complex genomic structure or a long insertion. The observation that both SGR homologs are defective is consistent with the involvement of two recessive mutations in the green-cotyledon phenotype of Tenshin-daiseitou.
To confirm that the two SGR homologs are the green-cotyledon/stay-green genes, we performed linkage analysis using the F 2 population between Tenshin-daiseitou and Tachiyutaka. All of the 11 plants that were grown from green-cotyledon seeds showed no amplification of GmSGR1 and were homozygous for the single-base deletion in GmSGR2, indicating that they were homozygous for mutant alleles of both GmSGR1 and GmSGR2. Next, 28 plants grown from yellowcotyledon seeds were analyzed. GmSGR1 was amplified from all except five of these plants, and all of these five plants carried the wild-type GmSGR2 allele in a homozygous or heterozygous manner, indicating that the 28 plants carried at least one wild-type allele of either GmSGR1 or GmSGR2. These observations indicated complete linkage between the green-cotyledon phenotype and the impairment of both GmSGR1 and GmSGR2.
For further confirmation that the impairment of GmSGRs caused the green-cotyledon/stay-green phenotype, we produced the GmSGR2 RNA interference (RNAi) transgenic soybean line. Because the double-stranded RNA-forming region of GmSGR2 showed a high degree of identity to GmSGR1 Asterisks indicate significant differences between samples (Student's t-test P-values, *P < 0.05; **P < 0.01; ns, non-significant). Bars indicate the SDs. n = 4.
(97%), GmSGR1 was also expected to be silenced efficiently ( Supplementary Fig. S2 ). The mRNA levels of both GmSGR1 and GmSGR2 in the mature seeds of the resultant RNAi transgenic plants were lower than those in the control transgenic line (Fig. 5A) . These RNAi transgenic lines produced green-cotyledon seeds, supporting the hypothesis that mutations in GmSGR1 and GmSGR2 caused the green-cotyledon phenotype (Fig. 5B) .
In addition, we examined the genomic structures of GmSGR1 and GmSGR2 in seven other green-cotyledon lines, which showed Chl a/b ratios >1 in mature seeds (Supplementary Table S1 ). All of these green-cotyledon lines showed no amplification of the full-length GmSGR1 and have the same point mutation in GmSGR2 as Tenshin-daiseitou. Taken together, we concluded that GmSGR1 and GmSGR2 are functionally redundant genes; additionally, defects of both genes are necessary for the green-cotyledon/stay-green phenotype in soybean. Consistent with this conclusion, GmSGR1 and GmSGR2 showed very similar expression patterns (Fig. 6) . They are abundantly expressed in senescent leaves and mature seeds, in which Chl degradation occurs actively. T41, one of the greencotyledon lines that we analyzed, carries the genetically characterized green-cotyledon mutations, d1 and d2. The observation that T41 has the same changes in GmSGR1 and GmSGR2 as Tenshin-daiseitou suggests that D1 and D2 are GmSGR1 and GmSGR2.
Very recently, Fang et al. (2014) reported that D1 and D2 encode GmSGR2 and GmSGR1, respectively. The lesions in GmSGR1 and GmSGR2 are the same as those in Tenshin-daiseitou, suggesting that the d1d2 alleles that they used have the same origin as Tenshin-daiseitou. Additionally, Fang et al. (2014) reported that D2 (GmSGR1) has a transposon insertion, which probably inhibited our genomic PCR amplification of full-length GmSGR1 in Tenshin-daiseitou. The genomic fragment of GmSGR1 was not amplified in Tenshin-daiseitou, and an aberrantly sized product was amplified by RT-PCR using the same primer pair. The lower panel shows the structure of the GmSGR1 transcript and its deduced amino acid sequence. The aberrant GmSGR1 transcript in Tenshin-daiseitou has a complex structure: a truncation of the fourth exon at 625 bases from the initiation codon followed by a duplication of the complete third and fourth exons. This structural change results in a frameshift and premature termination of translation. The numbers in the boxes show the exon numbers, and 4 0 indicates the truncated fourth exon. The asterisk shows the position of translation termination. 
Seed-specific regulation of the Chl a/b ratio in the d1d2 strains
In Supplementary Table S1 , d1d2 mutants showed a Chl a/b ratio >2.0, except K144a, which showed a ratio of around 1.5. Therefore, we analyzed K144a in more detail. The Chl a/b ratios in mature seeds and senescent leaves are shown in Supplementary Fig. S3 . In mature seeds, K144a showed a Chl a/b ratio of 1.62 ± 0.10, which was significantly lower than that of Tenshin-daiseitou (2.35 ± 0.28; P < 0.05) ( Supplementary Fig. S3 ). Conversely, in senescent leaves, a significant difference was not observed in the Chl a/b ratio between K144a and Tenshin-daiseitou. Additionally, K144a and Tenshin-daiseitou did not show an obvious difference in the green gel analysis of senescent leaves ( Supplementary Fig.  S4 ). K144a has the same lesion in GmSGR1 and GmSGR2 as Tenshin-daiseitou (Supplementary Table S1 ). These observations suggest that a genetic factor of K144a, which is a different locus from D1 and D2, modulates the Chl a/b ratio specifically in seeds.
Evolution of GmSGR genes
A homology search using the amino acid sequence encoded by AtSGR1 identified 12 genomic regions containing genes with high similarity to AtSGR1 (Supplementary Table S2 ). Of these regions, four genomic regions on chromosomes 1 (Chr 1), Chr 5, Chr 11 and Chr 17 showed microsynteny to the AtSGR1 region in A. thaliana according to SyMap and PGDD (Fig. 7A) . The Chr 1 region contains GmSGR2 and the Chr 11 region contains GmSGR1, confirming that GmSGR1 and GmSGR2 are orthologs of AtSGR1. Fang et al. (2014) reported that they are embedded with approximately 7 Mb duplicated blocks and were generated A phylogenetic tree of GmSGR and SGR-related genes in legumes. The DNA region in which GmSGR4 shows a high degree of homology to other GmSGR genes was used for analysis. Bootstrap values are shown as a percentage from 1,000 replicates for each node (values >60% were indicated). GmSGR1 (Glyma11g02980.1), GmSGR2 (Glyma01g42390.1), GmSGR3a (Glyma17g14201.2), GmSGR3b (Glyma17g14210.2), GmSGR4 (Glyma05g03700.1), PvSGR (Phvul.002G153100.1) and VuSGR (FF383809 and other expressed sequence tags) form the Phaseoloid clade, and PsSGR (AB303331), MtSGR (HQ849484), LjSGR1 (chr2. CM0021.2870.r2.m), LjSGR2 (chr4.CM0126.600.r2.m) and TpSGR (BB916350 and other expressed sequence tags) form the Galegoid clade. Gm, Glycine max; Ps, Pisum sativum; Mt, Medicago truncatula; Lj, Lotus japonicas; Pv, Phaseolus vulgaris; Tp, Trifolium pratense; Vu, Vigna unguiculata. by the most recent whole-genome duplication. In the Chr 17 region, there are two tandemly duplicated genes with high similarity to AtSGR1 named GmSGR3a and GmSGR3b ( Supplementary Fig. S5 ). The Chr 5 region contains Glyma05g03700, which is a predicted SGR-like gene according to the previous annotation (v1.0) of phytozome, and is named GmSGR4. Recently, Rong et al. (2013) reported that an SGR-like gene in rice (SGRL) has some function in Chl degradation. There are two probable orthologs of SGRL in G. max, but they form a clade that is distinct from that of the SGR genes and are not syntenic to AtSGR1 (Rong et al. 2013 ; Supplementary Table S2; Supplementary Fig. S6 ).
GmSGR4 is an apparent pseudogene because the second to fourth exons are incomplete, and the first exon is missing. On the other hand, both GmSGR3a and GmSGR3b on Chr 17 appear to retain the basic structure of SGR genes including the transit peptide. However, GmSGR3b lacks the conserved cysteine-rich motif (C-X3-C-X-C2FP-X5-P) in the C-terminal region, and the motif is incomplete in GmSGR3a ( Supplementary Fig. S7 ). In addition, both GmSGR3a and GmSGR3b have different amino acid residues instead of the several highly conserved residues among SGRs. For example, GmSGR3a and GmSGR3b have a C143L change relative to GmSGR1 (Supplementary Fig. S7 ). We analyzed the expression of GmSGR3a and GmSGR3b in several tissues including senescent leaves and mature seeds ( Supplementary Fig. S8A ). RT-PCR analysis using the primer pair that amplifies both GmSGR3a and GmSGR3b revealed that neither of them was expressed in the examined tissues. Their expression was not observed in the d1d2 mutants, Tenshin-daiseitou and K144a ( Supplementary Fig. Sb8B ). These observations suggest that GmSGR3a and GmSGR3b are probably pseudogenes.
To analyze the phylogenetic relationships of the five GmSGR genes, a phylogenetic tree was constructed using genomic DNA sequences corresponding to the 254-403, 1,086-1,153 and 1,394-1,469 bp regions from the initiation codon of GmSGR1, where similarity is retained among all five GmSGR genes ( Fig.  7B; Supplementary Fig. S9 ). Probable SGR orthologs in legume were included in the analysis. GmSGR1 and GmSGR2, and GmSGR3a, GmSGR3b and GmSGR4 formed very close clades, respectively. GmSGR3a and GmSGR3b are tandemly repeated on Chr 17, suggesting that they duplicated independently of the whole-genome duplication. Thus, it is conceivable that the common ancestor of these five GmSGR genes duplicated in the ancient whole-genome duplication that occurred 58 million years ago, and the GmSGR1/GmSGR2 and GmSGR3/GmSGR4 pairs were formed in the recent whole-genome duplication that occurred 13 million years ago. GmSGR1 and GmSGR2 were grouped in the Phaseoloid clade together with PvSGR and VuSGR. PsSGR, MtSGR and TpSGR formed the Galegoid clade. Interestingly, GmSGR3 and GmSGR4 belong to neither the Phaseoloid clade nor the Galegoid clade, and they were long genetic distances from other SGR genes in legumes, suggesting that GmSGR3 and GmSGR4 diverged rapidly in comparison with other GmSGR genes, probably because of the relaxed selective force caused by loss of SGR function or positive selection to obtain a new function.
In this study, we revealed that the D1 and D2 genes are functionally redundant orthologs of SGR in soybean (GmSGR1 and GmSGR2) using genetic and functional analyses. Our survey of green-cotyledon strains that have a Chl a/b ratio that was >1 in mature seeds revealed that all seven strains had the same mutations in GmSGR1 and GmSGR2. This provides a contrast to the SGR ortholog in pea, Mendel's I gene. Three types of mutations (three alleles) were found in nine greencotyledon strains that were examined (Y. . The observation that all of the strains that we surveyed had the same lesions in GmSGR1 and GmSGR2 must reflect the fact that the natural occurrence of a double mutant is very rare. The soybean genome contained three more SGR genes distinct from the SGRL genes (Rong et al. 2013) . These five genes were thought to be generated by the recent and ancient wholegenome duplication events, which are the basis for the present octoplodic structure of the soybean genome. Our analysis illustrates an evolutionary history of a gene that experienced two whole-genome duplication events in soybean by both sequence-based and function-based analyses.
Materials and Methods
Plant materials
Glycine max cv. Tenshin-daiseitou was obtained from Genebank, National Institute of Agrobiological Sciences (Tsukuba, Japan); the Tachiyutaka, Aomarukun and Hiratokomame cultivars were obtained from the National Agriculture and Food Research Organization (Morioka, Japan); the Kariyutaka cultivar was obtained from the Hokkaido Prefectural Tokachi Agricultural Experiment Station (Memuro, Japan); the T41 strain was obtained from the US Department of Agriculture Plant Germplasm Inspection Station (MD, USA); and the BaiHuaLuDaDou, LuHuangDou, Kangwon, Kyonggi and Chungbuk cultivars were obtained from the National Bioresource Project (Lotus japonicus and G. max); the Kiyomidori cultivars was purchased from Nakahara-saishujou (Fukuoka, Japan).
Physiological analysis
Soybean plants were grown in a growth chamber (200 mmol photon m À2 s À1 , 16 h light and 8 h dark at 27 C) for about 2 weeks. The second leaves from the top were used as pre-senescent leaves. To induce leaf senescence, the leaves were detached and incubated at 25 C in Petri dishes under dark conditions ( Fig  1B, C, D) . In other experiments, shoots with two expanded leaves were incubated for 6 d in the dark at 27 C and the second leaves from the top were analyzed as senescent leaves. For pigment extraction, plant tissues of the same fresh weight were ground in mortars with liquid nitrogen and extracted with the same volume of 80% acetone. Chl contents were determined spectrophotometrically according to Porra et al. (1989) or non-destructively with an SPAD 502 Chl meter (Konica Minolta Co. Ltd.). HPLC analysis of photosynthetic pigments was performed according to Yamatani et al. (2013) . F v /F m values were measured with a Junior PAM Chl fluorometer (Walz) according to the manufacturer's protocol. To measure the membrane ion leakage, three leaf discs of 6 mm diameter were floated on 500 ml of distilled water and incubated in the dark at 25 C. The conductivity was measured with a Twin Cond B-173 conductivity meter (Horiba).
Protein analysis
Green gel analysis was performed according to Morita et al. (2005) . Fresh weight leaf samples (100 mg) were extracted with 250 ml of extraction buffer (0.3 M Tris, pH 6.8, 1% SDS, 2% Triton X-100, 10% glycerol). For Rubisco small subunit analysis, the same samples were analyzed by conventional SDS-PAGE and stained with Coomassie Brilliant Blue G250. Western blot analysis was done according to Yamatani et al. (2013) .
Genomic and RT-PCR analysis
For RT-PCR, the first-strand cDNA was synthesized from 100 ng of total RNA using ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo). Genomic and RT-PCR were performed using KAPA Taq Extra (KAPA Biosystems) with primer pairs GmSGR1-2F (5 0 -CCTTCGCTTTCTCCGCAC CAC-3 0 ) and GmSGR1-1R (5 0 -AACCCCTCCTCCTGGACC-3 0 ) for GmSGR1, GmSGR2-2F (5 0 -GATTGGAACAACAACAGGAA-3 0 ) and GmSGR2-1R (5 0 -AGT TTCTTGCTCACTCTCTTC-3 0 ) for GmSGR2, GmSGR3-F (5 0 -GGGCCAGCCATC TTTGAA-3 0 ) and GmSGR3-R (5 0 -TCCACTGACATGGAGGTGAAC-3 0 ) for GmSGR3, and Gmb-tub-F (5 0 -CAAACTCGCCGTGAACCTCATC-3 0 ) and Gmb-tub-R (5 0 -GACTTGAGGCCACCACACCTT-3 0 ) for b-tubulin (Glyma 08g01740). The PCR profile consisted of initial denaturation for 3 min at 94 C; 35 cycles of 15 s at 94 C, 30 s at 60 C and 3 min at 68 C; and a final extension of 7 min at 68 C.
Production of RNAi transgenic plants
An RNAi vector, pSGR-RNAi, was constructed according to the following procedures. A 457 bp fragment of GmSGR2 was amplified with the primers GmSGRRNAiF (5 0 -CGAAGTGGTGGCACAGTGGAA-3 0 ) and GmSGR-RNAiR (5 0 -CCCAT CACAAGGTTCGTAATGG-3 0 ) using the soybean cDNA as the template DNA. The amplified product was cloned in an entry vector using the pCR8/GW/ TOPO TA cloning kit (Invitrogen). The region of the hairpin loop RNAi cassette and GFP (green fluorescent protein) unit, which contains the Cauliflower mosaic virus 35S (CaMV 35S) promoter and nopaline synthase terminator from the pBI-sense, antisense-GW (GFP) vector (Inplanta) was inserted into a binary vector, pMDC123 (Curtis and Grossniklaus 2003) . The CaMV 35S promoter with a duplicated enhancer region in the RNAi cassette was replaced with a promoter region (AB353075) of the soybean gy1 gene. The resulting binary vector was used as a destination vector. The entry vector and destination vector were reacted using Gateway LR Clonase (Invitrogen) to construct pSGR-RNAi.
Agrobacterium-mediated transformation was performed using G. max cv. Kariyutaka according to the procedure of H. and Yamada et al. (2010) with modifications. The cotyledonary node of each explant was wounded by a stainless steel surgical knife when the explants were prepared for the infection with Agrobacteirum strain EHA105 harboring pSGR-RNAi. The transgene was genetically fixed by repeating self-fertilization. T 3 seeds were used in this study. A transgenic soybean plant harboring only a selectable marker gene, Bar, was used as a control plant. All transgenic plants used in this study have resistance to the herbicide BASTA.
Phylogenetic analysis
A synteny search was performed with a 100 kb genomic region containing AtSGR1 (Chr 4: 11,966-12,065 kb) against the whole-genome sequence of G. max v1.1 using the SyMap synteny browser (http://www.symapdb.org/projects/fabaceae/). The synteny map between GmSGR genes and AtSGR1 was constructed according to the Plant Genome Duplication Database (http:// chibba.agtec.uga.edu/duplication/) with a slight modification. Phylogenetic analyses were conducted in MEGA5 (Tamura et al. 2011 ) using the regions corresponding to 254-403, 1,086-1,153 and 1,394-1,469 bp from the GmSGR1 genomic sequence, which retains high homology to GmSGR4 [Glyma05g03700.1, G. max genome v1.01 at SoyBase (http://soybase.org/)]. The sequence alignment was conducted using ClustalW with the default settings. The evolutionary history was inferred using the maximum likelihood method based on the Tamura-Nei model. All positions containing gaps and missing data were eliminated. The amino acid sequence alignment was performed using ClustalW with the default settings, followed by adjustments that were made by eye. The following sequences were used: PvSGR, Phvul.002G153100.1 (Phaseolus vulgaris genome v1.0 at Phytozome); LjSGR genes (LjSGR1, chr2.CM0021.2870.r2.m; LjSGR2, chr4.CM0126.600.r2.m) (Lotus japonicus genome assembly build 2.5 at http://www.kazusa.or.jp/lotus/); GmSGR genes (GmSGR1, Glyma11g02980.1; GmSGR2, Glyma01g42390.1; GmSGR3a, Glyma17g14201.2, GmSGR3b, Glyma17g14210.2) (Glycine max genome v1.1 at Phytozome); PsSGR, AB303331 (Y. ); and MtSGR, HQ849484 (Zhou et al. 2011) . For TpSGR and VuSGR, the expressed sequence tags that were homologous to AtSGR1 were obtained from NCBI by a homology search with TBLASTN and assembled into a single unigene with CLC Main workbench (CLC bio). The following sequences were used: BB916350, BB925421 and BB919102 for TpSGR; and FF383809, FF394723, FF398594, FF538603, FF543105, FG809139, FG825778, FG825779, FG829534, FG920394 and FG920395 for VuSGR. The abbreviations of species are as follows: Gm, Glycine max; Ps, Pisum sativum; Mt, Medicago truncatula; Lj, Lotus japonicas; Pv, Phaseolus vulgaris; Tp, Trifolium pratense; Vu, Vigna unguiculata; and At, Arabidopsis thaliana.
Transmission electron microscopy
The ultrastructure of chloroplasts was observed by transmission electron microscopy according to Morita et al. (2009) .
Supplementary data
Supplementary data are available at PCP online. 
